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Abstract: Massive stars are extremely lumi-
nous and drive strong winds, blowing a large
part of their matter into the galactic envi-
ronment before they finally explode as a su-
pernova. Quantitative knowledge of massive
star feedback is required to understand our
Universe as we see it. Traditionally, massive
stars have been studied under the assump-
tion that their winds are homogeneous and
stationary, largely relying on the Sobolev ap-
proximation. However, observations with the




model calculations, ultimately dictate a car-
dinal change of this paradigm: stellar winds
are highly inhomogeneous. Hence, we are
now advancing to a new stage in our under-
standing of stellar winds. Using the founda-
tions laid by V.V. Sobolev and his school, we
now update and further develop the stellar
spectral analysis techniques. New sophisti-
cated 3-D models of radiation transfer in in-
homogeneous expanding media elucidate the
physics of stellar winds and improve classi-
cal empiric mass-loss rate diagnostics. Ap-
plications of these new techniques to mul-
tiwavelength observations of massive stars
yield consistent and robust stellar wind pa-
rameters.
1. Introduction
The initial mass of a star on the zero-
age main sequence largely determines its fate.
Stars born with masses exceeding ∼ 10M⊙
end their lives in a core-collapse event, e.g. a
supernova (SN) explosion, and leave a neu-
tron star or a black hole as remnant (Heger
et al., 2003). Such massive stars are lumi-
nous, with bolometric luminosities exceeding
Lbol>∼10
4L⊙. On the main sequence, massive
stars have spectral types earlier than B2V.
These bright stars live very fast, the most
massive of them die within just ∼ 10Myr.
Albeit we see many massive stars by naked
eye in the night sky (e.g. the Orion Belt con-
sists of massive stars), these stars are actu-
ally very rare and constitute only ∼ 0.4% of
all stars in our Milky Way.
Despite their small number, massive stars
have enormous impact on the galactic ecol-
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ogy. Their strong ionizing radiation and stel-
lar winds, as well as their final demise in
SN explosions, largely determine the physical
conditions in the interstellar medium (ISM)
and influence the formation of new genera-
tions of stars and planets. Thus, massive
stars are among the key players in the cos-
mic evolution.
The atmospheres of hot massive stars are
usually transparent in the continuum but
opaque in many spectral lines. Because the
stars are hot, a large fraction of their bolo-
metric luminosity is emitted at ultraviolet
(UV) wavelengths. The radiation leaves the
star in radial direction. A photon in a spec-
tral line ν0 may be absorbed by an ion and
re-emitted in any direction, transferring its
momentum to the ion. The ion would ac-
celerated. Because of the Doppler effect, the
wavelength of the spectral line will shift, and
will be able to scatter light with wavelengths
other than ν0. Hence, the photons within a
broad wavelength range will be “swept up”,
by the same spectral line. The Coulomb
coupling between particles ensures the col-
lective motion, and a stellar wind develops.
Such radiatively driven stellar winds (Castor
et al., 1975, CAK) are ubiquitous in hot non-
degenerate stars.
The amount of mass removed from the
star by its wind is determined by the mass-
loss rate, M˙ . Theory predicts that for O-
stars the mass-loss rates are in the range
M˙CAK ≈ (10−7−10−5)M⊙ yr−1 depending on
the fundamental stellar parameters Teff , Lbol,
and log g (Pauldrach et al., 1986; Vink et al.,
2001). Hence, during stellar life time, a sig-
nificant fraction of mass is removed by the
stellar wind. Thus, the mass-loss rate is a
crucial factor of stellar evolution.
2. Empirical diagnostics of mass-loss
To check and validate theoretical predic-
tions, robust empirical estimators of mass-
loss rates shall be employed. These diagnos-
tics usually rely on a spectroscopic analysis.
Below we briefly consider some common ex-
amples of such analyses.
2.1. Resonance lines
For hot stars, the resonance lines of most
important ions are located in the UV part of
the electromagnetic spectrum. When formed
in a wind, these lines show P Cygni-type pro-
files (see e.g. Lamers and Cassinelli, 1999).
The resonance line of an ion is produced by
photon scattering, therefore the line strength
is a linear function of the density, which is






The radial dependence of the wind velocity
is usually prescribed by the “β-velocity law”,
v(r) = v∞(1− 1/r)β.
The line strength, the terminal wind veloc-
ity, v∞, and the parameter β can be measured
from the observed spectral line. Hence, in
principle, by modeling a resonance line of an
ion, the product of its ionization fraction and
mass-loss rate could be empirically obtained.
To model a spectral line, an adequate theory
of line formation is required.
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Line formation in a moving stellar enve-
lope was studied by V. V. Sobolev (Sobolev,
1947). It was shown that if the thermal
motions in the atmosphere can be neglected
compared to the macroscopic velocity, the ra-
diative transfer problem can be significantly
simplified (see review by Grinin, 2001). This
is now known as the Sobolev approximation.
The Sobolev approximation is well justi-
fied in stellar winds, and was extensively used
for their analysis. At least two different so-
lution techniques that relied on the Sobolev
approximation were developed (Castor, 1970;
Lucy, 1971). An atlas of theoretical P Cygni
profiles was computed (Castor and Lamers,
1979) and used to estimate mass-loss rates
from the first available UV spectra of O stars
(e.g. Conti and Garmany, 1980).
With time the limitations of the Sobolev
approximation became clear. For instance,
within a Doppler-shifts of a few tens of kilo-
meters per second around the line center, the
profiles computed in Sobolev approximation
are inaccurate, especially because of the high
turbulence present in stellar winds (Hamann,
1981) and/or non-monotonic wind velocities
(Lucy, 1982, 1983).
These shortcomings were overcome by
Hamann (1981), who compared line profiles
computed with a comoving frame approach
(Mihalas et al., 1975; Hamann, 1980) with
those computed using Sobolev approxima-
tion. It was shown that the error in the
Sobolev approximation arises mainly from
the treatment of the formal integral and,
to a lesser extent, from the approximated
source function. Based on this suggestions
Lamers et al. (1987) developed the “Sobolev
with Exact Integration” method (SEI). In
this method, the source function is calculated
in the Sobolev approximation, but the equa-
tion of transfer is integrated exactly. As a
result, the model provides significantly bet-
ter fits to the observed lines (Groenewegen
and Lamers, 1989), consequently allowing for
more precise mass-loss rate determinations
(Lamers et al., 1999).
While UV resonance lines provide excel-
lent mass-loss rate diagnostic, there are also
serious difficulties. First of all, to measure
UV spectra one needs a space-based observa-
tory. Presently, UV spectroscopy is offered
only by the Hubble Space Telescope, a highly
oversubscribed instrument. An even more se-
rious problem is that in Galactic O type stars
the resonance lines of the CNO elements are
usually saturated. Therefore these lines are
not sensitive to the precise values of the mass-
loss rate and, hence, not suitable for mass-
loss determinations.
2.2. Stellar atmosphere model PoWR
As an alternative to the SEI method, de-
tailed non-LTE stellar atmosphere models for
expanding atmospheres were developed in the
last decades (see review by Puls et al., 2008).
Such models do not rely on the Sobolev ap-
proximation but solve numerically the radia-
tive transfer in the co-moving frame. The
coupling between radiation field and statisti-
cal equations is included, leading to a high-
dimensional set of non-linear equations fully
coupled in space and frequency. The syn-
thetic emergent spectrum is calculated over
a broad energy range. Comparing model and
3
observed spectra allows to estimate stellar as
well as wind parameters, specifically M˙ .
An example of such advanced stellar at-
mosphere model is the PoWR code (e.g.
Gra¨fener et al., 2002; Hamann and Gra¨fener,
2003; Sander et al., 2015). It solves the
non-LTE radiative transfer in a spherically
expanding atmosphere simultaneously with
the statistical equilibrium equations and ac-
counts at the same time for energy conserva-
tion. Complex model atoms with hundreds of
levels and thousands of transitions are taken
into account. The extensive inclusion of the
iron group elements is important not only be-
cause of their blanketing effect on the atmo-
spheric structure, but also because the diag-
nostic wind lines in the UV (e.g. the C iv
and Si iv resonance lines) are heavily blended
with the “iron forest”. X-ray emission and its
effects on the ionization structure of the wind
are also included in the model.
PoWR models are extensively used for the
spectral analysis of stars with strong winds,
such as Wolf-Rayet (WR) stars across the
broad range of metallicities (Sander et al.,
2012; Hainich et al., 2014, 2015). Because
the hydrostatic and wind parts of the atmo-
sphere are solved consistently (Sander et al.,
2015), the PoWR models are well suited for
modeling O star spectra (Evans et al., 2011;
Shenar et al., 2015), as well as B star spec-
tra (Oskinova et al., 2011b). Overall, PoWR
models can be applied for spectroscopic anal-
ysis of any type of hot stars (e.g. Todt et al.,
2010; Jeffery and Hamann, 2010).
2.3. Optically thin recombination lines: Hα
While the UV observations providing ac-
cess to the resonance lines are scarce, the op-
tical spectra of bright massive stars are easy
to obtain. In OB supergiants, the Hα line
is typically in emission. This line provides a
convenient diagnostic of the wind.
In most O stars, the Hα line is optically
thin. In this case, the line luminosity is the





The Hα line is mainly fed via the recombi-
nation cascade, i.e. an interaction between an
electron and an ion. This is a two-body pro-
cess that depends on the square of the den-
sity and is some function of the temperature,
jl ∼ 〈ρ2〉f(T ), where 〈ρ2〉 is the average over
the volume.
A medium with density fluctuations can





Using the continuity equation Eq. (1) for
the averaged density 〈ρ〉, and combining






where v∞ and Ll can be measured from ob-
served spectra, but the parameter X is largely
unknown.
The value of X is very difficult to estimate;
moreover, it can vary from object to object.
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As a first approximation, it seem sensible to
set X = 1, i.e. to assume that stellar winds
are smooth on average. In this case, measur-
ing the easily observable Hα emission line can
provide the mass-loss rate.
Puls et al. (1996) refined the theory of
Hα formation, and presented scaling rela-
tions that connect M˙ , v∞, stellar parame-
ters, and the Hα equivalent width. They
applied this method to samples of O-stars
in the Galaxy, the Large and the Small
Magellanic Cloud. The results revealed a
tight metallicity-dependent relation between
the “radius modified stellar wind momentum
rate”, M˙v∞
√
R∗, and the stellar luminosity.
It was shown that Hα based mass-loss rates
of O stars are in good general agreement with
those derived from radio measurements (be-
ing free-free emission, the latter also depend
on 〈ρ2〉 processes). Moreover, the Hα based
mass-loss rates of O stars were found in gener-
ally good agreement with theoretical predic-
tions, i.e. in the range 10−4 ... 10−7M⊙ yr
−1
depending on spectral type.
3. Stellar wind clumping
Despite of this large progress in measur-
ing mass-loss rates, one has to be aware that
the X = 1 assumption is not really justified,
on the contrary there is strong evidence for
stellar wind clumping (Hamann et al., 2008).
Clear evidence of wind inhomogeneity was
provided by the detection of stochastic vari-
ability in the He iiλ4686 A˚ emission line in
the spectrum of an O supergiant (Eversberg
et al., 1998), explained by clump propaga-
tion. Line-profile variability of Hα was seen
in a large sample of O-type supergiants, and
attributed to the presence of shell fragments
in structured winds (Markova et al., 2005).
Prinja and Massa (2010) demonstrated that
the winds of B supergiants are clumped by
using spectral diagnostics. In a recent study,
Martins et al. (2015) showed that spectral
lines of OB supergiants are variable on var-
ious time scales likely because of the wind
structuring. The line-profile variations in a
sample of WR and O stars were monitored by
Le´pine and Moffat (1999, 2008). The obser-
vations were explained using a phenomeno-
logical model that depicts winds as being
made up of a large number of randomly dis-
tributed, radially propagating clumps.
High-mass X-ray binaries (HMXBs) pro-
vide a confirmation of strong wind clump-
ing. In some of these systems, a neutron
star (NS) is in a close orbit deeply inside
the stellar wind of an OB star. Accretion
from the clumped stellar wind onto the NS
powers strongly variable X-ray emission (e.g.
Oskinova et al., 2012; Mart´ınez-Nu´n˜ez et al.,
2014; Bozzo et al., 2016). van der Meer
et al. (2005) studied the X-ray light curve
and spectra of 4U 1700-37 and concluded that
the feeding of the NS by a strongly clumped
stellar wind is consistent with the observed
stochastic variability. Further evidence of
donor wind clumping comes from the anal-
ysis of the X-ray spectra. Schulz et al. (2002)
and Gime´nez-Garc´ıa et al. (2015) reviewed
the spectroscopic results obtained with X-ray
observatories for wind-fed HMXBs. They ex-
plained the observed spectra as originating
in a clumped stellar wind, where cool dense
clumps are embedded in rarefied X-ray pho-
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toionized gas. Fluorescence lines were used
to trace wind clumps that are located close
to the photosphere in a case of B-type super-
giant donor (Torrejo´n et al., 2015).
The first X-ray spectra of putatively sin-
gle O-type stars were obtained with the Ein-
stein X-ray observatory. Stewart and Fabian
(1981) used Einstein spectra of the O su-
pergiant ζ Pup to determine its mass-loss
rate. They applied a photoionization code
and computed the stellar wind opacity using
M˙ as a model parameter. The X-ray based
mass-loss rate was lower by a factor of a few
than obtained from Hα and radio emission.
As the most plausible explanation for this dis-
crepancy it was suggested that the mass-loss
rate measured from Hα and radio emission is
overestimated because of wind clumping.
The RosatX-ray spectrum of ζ Pup was in-
vestigated by Hillier et al. (1993). The wind
was assumed to be smooth with a mass-loss
rate M˙ = 5 × 10−6M⊙ yr−1 consistent with
the Hα measurement. It was found that the
high opacity of the stellar wind should com-
pletely block soft X-rays (< 0.5 keV). How-
ever, since such soft X-rays are observed, it
was concluded that a significant fraction of
the X-ray emitting plasma is located far out
in the wind, at distances > 100R∗.
The launch of XMM-Newton and Chan-
dra X-ray telescopes made high-resolution X-
ray spectroscopy possible. The X-ray spec-
troscopic diagnostics allows to constrain the
location of hot plasma emitting X-rays, and
to probe the wind opacity (Macfarlane et al.,
1991; Porquet et al., 2001). The analysis
of X-ray spectra unambiguously showed that
hot plasma is located not only far out in the
wind, but also close to the stellar photosphere
at distances < 1.5R∗, and that the wind
opacity is much lower than expected from the
Hα derived mass-loss rates (e.g. Waldron and
Cassinelli, 2001; Kahn et al., 2001; Cassinelli
et al., 2001).
Among others, the following two ways
were suggested to explain the X-ray data:
stellar wind clumping reduces the wind opac-
ity and allows radiation to escape even for
high mass-loss rates (Feldmeier et al., 2003;
Oskinova et al., 2004), and stellar mass-loss
rates are much lower than found from ρ2-
based diagnostics (Kramer et al., 2003).
4. P v and the discordance of mass-loss
rates diagnostics
Massa et al. (2003) studied Far Ultravi-
olet Spectroscopic Explorer (FUSE) spectra
of O stars in the Large Magellanic Cloud us-
ing the SEI method. They highlighted the
importance of the Pv λλ1117, 1128 A˚ reso-
nance doublet for mass-loss diagnostics. This
resonance doublet is never saturated because
of the low phosphorus abundance (e.g. 1000
times less than carbon) making it specially
suitable for mass-loss diagnostics. Moreover,
Pv is the dominant ionization stage in O
stars, hence its ionization fraction is nearly
unity (Krticˇka and Kuba´t, 2012). However,
the analysis of observed spectra by Massa
et al. (2003) revealed much weaker lines of
(Pv) than expected if the Hα based mass-
loss rates were true. It was concluded that
the weak Pv lines imply that either M˙ is
very low, or the assumed abundance of phos-
phorus is too large, or the winds are strongly
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clumped.
Bouret et al. (2005) and Fullerton et al.
(2006) demonstrated the severe discordance
of mass-loss rates empirically obtained from
the ρ2- (such as Hα and radio) and the ρ-
based (such as resonance lines, e.g. Pv) di-
agnostic methods. The mass-loss rates mea-
sured from the UV lines were found to be at
least an order of magnitude lower than those
measures from Hα. The UV line diagnostics
were considered more reliable than Hα, be-
cause they do not depend on clumping.
To explain this discordance it was sug-
gested that the clumping is very strong and
therefore mass-loss rates measured from Hα
have to be reduced by orders of magnitude.
Thus, based on the UV and X-ray diagnos-
tics, the empirically estimated mass-loss from
O-type stars were found to be significantly
lower that predicted by the theory. This se-
vere reduction of mass-loss rates was the ba-
sis for Smith and Owocki (2006) to propose a
new evolutionary scenario according to which
the stars with initial mass above 40 ... 50M⊙
loose the bulk of their mass not via radia-
tively driven stellar winds but via explosive
eruptions, and to discuss the possibility that
Wolf-Rayet stars may not be the descendents
of such massive stars.
5. Microclumping
Clearly, it is necessary to re-evaluate how
clumping is accounted for in the spectral
analysis and re-investigate the assumptions
on which the mass-loss diagnostics are based.
The usual and but stringent approximation
is that all clumps in stellar wind are opti-
cally thin. This approximation, called micro-
clumping or filling factor approach, was im-
plemented in non-LTE codes already back in
1990s (Hamann and Koesterke, 1998; Hillier
and Miller, 1999).
If we assume that the density is uniform in-
side the clumps while the interclump medium
is void, then X = D, where D is the den-
sity enhancement within clumps as compared
to a smooth model with same mass-loss rate
M˙ . In this case, the volume filling factor of
the clumps is fV = D
−1. In the models, the
rate equations have to be solved only for the
clump medium, where the density is Dρ in-
stead of ρ as in the smooth case.
Consequently, in the radiative transfer
equation, the smooth-wind opacity and emis-
sivity κ(ρ) and η(ρ) must be replaced for a
clumped wind by
κf = fV κC(Dρ) and ηf = fV ηC(Dρ) (5)
where κC and ηC are the non-LTE opacity and
emissivity of the clump matter. The atomic
transitions that contribute to the opacity and
emissivity scale with different powers of the
density. For processes linear in density, fV
and D cancel. However, empirical mass-loss
diagnostics are often based on processes that
scale with the square of the density (recom-
bination lines, free-free emission). When the
wind is clumped, the emitted flux is enhanced
by a factor of D compared to a homogeneous
model with the same mass-loss rate. Conse-
quently, when a given (free-free radio or or
recombination-powered line) emission is ana-
lyzed with a model that accounts for micro-
clumping, the derived mass-loss rate will be
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lower by a factor of
√
D than obtained with
a smooth-wind model (see Eq. 4).
In WR star spectra, fitting the observed
electron scattering wings of strong emission
lines can be used to determine the clumping
factor D and its radial dependence (Hillier,
1991; Hamann and Koesterke, 1998). For
WR stars this method yields typical clump-
ing factors D between 4 and 10.
Unfortunately, this method is not appli-
cable for O stars, since their spectra do not
show suitably strong emission lines. Hence,
D has to be constrained indirectly, e.g. as
as a model parameter. Often, a radial de-
pendence of clumping parameter is allowed in
the models. Puls et al. (2006) estimated that
the clumping factor D is about four times
larger in the line-forming region, compared
to the radio-emitting region far away from
the star. From their multiwavelength analy-
sis of a B supergiant spectrum Puebla et al.
(2016) estimated that f∞, i.e. the smallest
filling factor approached at large wind veloc-
ities (v(r)→ v∞), is 0.01, while Bouret et al.
(2012) derived f∞ = 0.03 .. 0.06 for their sam-
ple of O stars. These results imply that the
derived mass-loss rates are reduced by a fac-
tor 4 ... 10 compared to the smooth wind anal-
yses.
As an interesting consequence, micro-
clumping reducing the size of the photoion-
ized region in HMXBs. Even the largest
clumps in stellar wind are likely optically
thin at hard X-ray wavelengths emitted by
an accreting NS. The strong X-ray radiation
photoionizes the wind region surrounding the
NS (Hatchett and McCray, 1977), and affects
wind driving (e.g. Krticˇka et al., 2015). In
clumped stellar winds the recombinations are
favored compared to the ionizations. Hence,
the size of the area photoionized by X-rays is
smaller in realistic clumped winds compared
to the smooth wind case (Oskinova et al.,
2012).
6. Macroclumping
While the microclumping approximation
is very convenient, this approach is too strin-
gent. In reality stellar winds clumps could be
optically thick at some frequencies. This sit-
uation has to be accounted for in modeling,
e.g. using the macroclumping approach.
Accounting for optically thick clumping is
required in a large variety of problems, such
as continuum driven winds in luminous blue
variables (LBV), X-ray emission from mas-
sive stars, or resonance line formation in stel-
lar winds.
6.1. Grey opacity
Shaviv (1998) and Shaviv (2000) consid-
ered the gray opacity in a stellar atmosphere,
where the photon mean free path does not
exceed the scale of inhomogeneities. In such
multi-phase porous atmosphere the radia-
tion is able to escape easier while exerting
a weaker average force. For a continuum
driven wind, a star with the same luminosity
would experience considerably smaller mass-
loss compared to the case of homogeneous at-
mosphere. This may explain the observations
of the LBV star ηCar (Shaviv, 2000). Owocki
et al. (2004) introduced a “porosity-length”
formalism to derive a simple scaling for the
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reduced effective opacity and used this to ob-
tain an associated scaling for the continuum-
driven mass-loss rate from stars that formally
exceed the Eddington limit. Quataert et al.
(2016) developed analytical and numerical
models of the properties of super-Eddington
stellar winds. Brown et al. (2004) pointed
out that optically-thick clumping leads to the
reduction of multiple scattering and, conse-
quently, photon momentum delivery.
6.2. Continuum opacity
Stellar winds of OB stars are effective in
absorbing X-rays via bound-free and K-shell
photoionization processes. This high contin-
uum opacity is strongly wavelength depen-
dent (e.g. Verner and Yakovlev, 1995). In in-
ner wind regions (e.g. at 0.5v∞) of a typical
O supergiant, the mean free path of a pho-
ton at soft X-ray wavelength (e.g. at 19 A˚)
is only ∼ 10−2R∗. Clumps may have larger
sizes and, hence, be optically thick.
The geometrical shape of clumps is not ob-
servationally constrained. There is only lim-
ited evidence for an intrinsic polarization of
O star (McDavid, 2000; Harries et al., 2002),
albeit this may be theoretically expected for
stars with stronger winds and strong clump-
ing (Brown et al., 2000; Li et al., 2000; Davies
et al., 2007). Sophisticated but 1-D hydrody-
namic models predict that wind clumps are
flattened structures, with only small extend
in radial direction (Owocki et al., 1988; Feld-
meier et al., 1997). An initial attempts to in-
clude the multi-dimensional nature of radia-
tion transport in hydrodynamical simulations
(Dessart and Owocki, 2005) finds that damp-
ing of lateral velocity fluctuations isolates az-
imuthal zones, leading to azimuthal incoher-
ence down to the grid scale. This might in-
dicate that the wind clumps might be rather
somewhat elongated in radial direction (see
also Gomez and Williams, 2003).
In either case, the continuum opacity of
the wind consisting of such structures is
anisotropic. Isotropic opacity is only ade-
quate if the wind clumps are spherical.
The general solution of radiative transfer
for the case of continuum non-gray opacity
in an expanding inhomogeneous stellar wind
was presented by Feldmeier et al. (2003).
The optically thin and thick clumping as well
as bridging cases were included in the the-
ory. The formalism was developed in the
context of X-ray lines emitted by an opti-
cally thin hot plasma that is attenuated in
a fragmented cool stellar wind by strong con-
tinuum opacity. An analytic description for
the effective isotropic and anisotropic opacity
was found. It was pointed out that in case
of isotropic opacity (e.g. spherical clumps)
the line profiles are identical to those emerg-
ing from a smooth wind. On the other
hand, in case of anisotropic opacity, the line
profiles are characteristically different (Oski-
nova et al., 2006). The statistical solutions
were verified by 2.5-DMonte-Carlo simula-
tions (Oskinova et al., 2004) that allow non-
constant and non-monotonic distributions of
mass-absorption coefficients and filling fac-
tors. Example model X-ray lines are shown
in Fig. 1. As can be seen from this figure,
the lines computed with clumped wind mod-
els are stronger compared to those computed
with the smooth wind model for the same





















Figure 1: Three model line profiles of Ovii in the
X-ray spectrum of a O9II star. Except of clumping
properties, all other model parameters are the same,
log M˙ = −6.4 [M⊙ yr−1], v∞ = 2000km s−1, β = 0.8.
The onset of X-ray emission is at 1.2R∗. The blue
line shows the line emerging from a smooth wind.
The red line is a clumped wind model with L = 1.3
(≈ 2 × 104 clumps between 1.2R∗ and 100R∗) and
an anisotropic opacity (the clumps are flat in radial
direction). The black line is for the same parame-
ters, but now for isotropic opacity (e.g. the clumps
have spherical shape). The vertical line denotes the
rest frame line frequency. The model profiles are con-
volved with the instrumental profile of the HETGS
MEG spectrograph on board of the Chandra X-ray
telescope.
opacity leads to a more symmetric and less
blues-shifted line profile.
Assume that the flow of clumps that con-
stitutes the wind obeys the equation of con-
tinuity. The number of clumps per unit
volume is n(r)≡n0 v(R)−1R−2, where n0 [s−1]
is a constant. The effective opacity of the
clumped wind, κeff , is the product of the
clump number density n(r), clump cross-
section σC, and the probability of an X-ray
photon getting absorbed when it encounters
a clump P = 1 − exp (−τC(ν)), where τC(ν)
is the optical depth of the clump. The latter
can be expressed as
τC(ν) = κνDρlR∗, (6)
where r = R/R∗ and l is the geometrical
size of the clump expressed in R∗, and κν
[cm2 g−1] is the mass absorption coefficient
determining the continuum opacity (Feld-
meier et al., 2003; Oskinova et al., 2011a).
Due to the strong wavelength dependence of
κν , a clump may be optically thick at longer
wavelengths but thin at shorter ones. Eval-
uating the wind optical depth as an integral
over effective opacity along the line-of-sight z







(1− e−τC(ν)) dz . (7)
Note that this integral starts from the z co-
ordinate of the X-ray emitter. The opti-
cal cross-section of spherical clumps (balls)
is isotropic: σC ∝ r2. For clumps in the
form of shell-fragments (pancakes), the cross
section depends on the projection angle as
σC ∝ |µ|r2, where µ is the direction cosine.
For the latter case, the integral Eq. 7 has a
special property, because dz = dr/µ. Hence,
for X-ray line emitters in the front hemi-
sphere which are located at some given ra-
dius, the µ dependence cancels out, i.e. all
blue-shifted frequencies encounter the same
optical depth and thus the same wind absorp-
tion. Only for the emitters in the back hemi-
sphere, which create the red line wing, the
optical depth increases with increasing red-
shift (Oskinova et al., 2004).
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In case when all clumps are optically thick,
the emergent flux in the line is determined by
the radiation leaking between these opaque
clumps, and depends only on the clump shape
and their geometrical distribution (Feldmeier
et al., 2003; Oskinova et al., 2004). On the
other hand, when all clumps are optically
thin, the radiative transfer is not affected by
the geometrical distribution of clumps and
the line shape is the same as in case of smooth
winds. It is important to remember, however,
that the clump optical depth is a function of
wavelength. Thus, it is most likely that nei-
ther of these two limiting cases (only optically
thin or thick clumps) describe realistic winds.
Thus a more gray opacity and more sym-
metric lines are expected from clumped winds
compared to smooth ones. This agrees with
observations, namely nearly symmetric X-
ray line profiles, and the similarity of their
profiles in the soft and hard parts of spec-
trum (Waldron and Cassinelli, 2001, 2007;
Kramer et al., 2003). An alternative explana-
tion could be provided by reduced mass-loss
rates (Kramer et al., 2003; Leutenegger et al.,
2013).
Owocki and Cohen (2006) and Leuteneg-
ger et al. (2013) used their porosity formal-
ism to describe X-ray lines emerging from
inhomogeneous stellar winds. They found
that a substantial reduction in wind absorp-
tion requires quite large porosity lengths, and
claimed that such large lengths (∼ 1R∗) are
unphysical. The basis for these claims is
the outcome from first 2-D models of non-
stationary winds that were not capable to
produce laterally coupled structures in the
winds (Dessart and Owocki, 2005). However,
these isothermal models are not capable to
explain the X-ray emission from stellar winds
either. Therefore it is not yet clear how qual-
itatively robust are their predictions on the
size of the clumps. Moreover, the cool wind
opacity has a strong wavelength dependence.
Therefore, for harder radiation the clumps
will remain optically thin even for very large
porosity lengths, while for the softer radia-
tion even small clumps will be optically thick.
E.g., in the wind of the prototypical O star
ζ Pup, clumps located at 2R∗ and with geo-
metrical size of 0.07R∗ will be optically thick
for the radiation in the Nex λ12.13 line (Os-
kinova et al., 2011a).
Herve´ et al. (2012) provided a careful com-
parison of the macroclumping and porosity
formalisms and concluded that they are “es-
sentially equivalent to first order”. In a way
this is not surprising, because in the poros-
ity formalism the exact integrals (Feldmeier
et al., 2003; Oskinova et al., 2006) are sim-
plified using Taylor expansions. Herve´ et al.
(2012) modeled the X-ray spectra of O-stars.
They concluded that including porosity does
not improve the line fits. On the other hand,
they used the radial dependence of X-ray fill-
ing factor as a model parameter. They found
that such radial dependence is required to
provide a suitable fit to the observed X-ray
spectrum of an O supergiant. Leutenegger
et al. (2013) incorporated the porosity for-
malism in a standard X-ray spectra fitting
software. Fitting observed X-ray spectra,
they found that neither porosity nor radial
dependent filling factors improve the line fits,
and concluded that these effects are not im-
portant and can be neglected. However, all
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recent studies of X-ray spectra of O stars
by means of sophisticated non-LTE models
show that simple smooth wind models with
constant filling factors are incapable to ex-
plain the multiwavelength spectroscopic ob-
servations. Either macroclumping or radi-
ally dependent X-ray filling factors have to
be included in the models to reproduce the
observations adequately (Herve´ et al., 2012;
Shenar et al., 2015; Rauw et al., 2015; Puebla
et al., 2016).
Apart from the absorption of X-rays in
clumped stellar winds, the problem of X-ray
absorption in the interstellar medium also
requires an adequate treatment of inhomo-
geneities. Wilms et al. (2000) provided a so-
lution for this problem by including the self-
shielding of the dust grains, and derived an-
alytical expressions for the optical depth of
the grains, assuming that the grains can be
approximated as spheres.
6.3. Line opacity
Oskinova et al. (2007) realized that since
the optical depth in the UV resonance lines
is high and the line photon mean free path
is short, the wind inhomogeneities are likely
to be optically thick at these wavelengths.
This is in agreement with Prinja and Massa
(2010), who found spectroscopic evidence of
optically thick clumps in the winds of B su-
pergiants by measuring the ratios between
the radial optical depths of the red and blue
components of the Si iv doublets. From
atomic physics this ratio should be exactly
two. However, in all observed stars, only val-
ues < 2 were found. This was interpreted as
a direct signature of optically thick clumping.
To understand how optically thick clump-
ing affects the radiative transfer in resonance
lines, it is useful to consider the Sobolev ap-
proximation. According to this approxima-
tion, only matter close to the constant ra-
dial velocity surface contributes to the line
optical depths. In a clumped wind, this sur-
face will be porous (Fig. 2). Moreover, the
opacity depends not only on the geometrical
matter distribution, but also on the Sobolev
length. For a smooth monotonic velocity, the
Sobolev length is given by vD(dv/dr)
−1. In
the original Sobolev approximation, vD de-
notes the Doppler width by thermal broad-
ening. Generalized to a clumpy medium, vD
can be considered as the dispersion of ve-
locities inside an individual clump (Oskinova
et al., 2007; Sˇurlan et al., 2012). Hence, the
smaller the velocity dispersion within each
clump, the narrower is the constant radial ve-
locity surface. Consequently, a smaller num-
ber of clumps can contribute to the effective
opacity, farther reducing it. In principle, the
parameter vD could be estimated from obser-
vations using spectroscopic techniques (e.g.
Sˇurlan et al., 2013; Simo´n-Dı´az and Herrero,
2014; Sander et al., 2015).
Owocki (2008) considered the special situ-
ation of a strongly non-monotonic wind ve-
locity, motivated by dynamical simulations
of the line-driven instability (Owocki et al.,
1988; Feldmeier et al., 1997). At present,
these dynamic models are limited to 1-D
geometry, and it is not clear whether the
same strong shocks would be seen in multi-
dimensional models (Gomez and Williams,
2003; Dessart and Owocki, 2005). Moreover,
observations of X-ray variability in massive
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stars, so far, do not confirm the 1-D model
predictions on the temporal behavior of X-ray
emission – no X-ray variability attributable
to strong stochastic shocks is observed (e.g.
Oskinova et al., 2001; Naze´ et al., 2013).
Owocki (2008) suggested that the strongly
non-monotonic wind velocity seen in 1-D
models should lead to a reduction of the reso-
nance line strength that is insensitive to spa-
tial scales. This suggestion was in detail ex-
amined using their 2-D models by Sundqvist
et al. (2010), who indeed found a reduction
in the line strengths. However, the 3-D mod-
els (see Section 7) revealed that strongly non-
monotonic wind velocity has only moderate
effect on the effective opacity. Moreover, it
seems of limited importance to discuss the
porosity and non-monotonic velocity effects
separately. Both are playing role in estab-
lishing the line opacity and are consistently
included in the macroclumping formalism .
To investigate the effects of macroclump-
ing, an approximate treatment of the effec-
tive opacity was developed by Oskinova et al.
(2007). A correction factor for macroclump-
ing that can be easily included in a sophis-
ticated non-LTE codes was derived. This
treatment introduces a next level of complex-
ity compared to microclumping, but is still
quite approximate. Nevertheless, the validity
of this approach is confirmed by 3-D Monte
Carlo models (see Section 7).
In this macroclumping approximation, it
is assumed that the clumps are statistically
distributed, having an average separation L
between their centers (L(r) is expressed in R∗
and varies with radial location); hence, the
volume filling factor is fV = l
3/L3, or
D = L3/l3 . (8)
From Eq. (8) it follows that
n(r) ≡ L−3 = D−1 l−3, (9)
where nC denotes the number density of the
stochastically distributed clumps.
Optical depth across a clump can be ap-
proximated as τC = κCDρlR∗. This is simi-
lar to the Eq. (6), except that now κC is the
non-LTE opacity (see Eq. 5). Recalling that
fV = D
−1 yields
τC = κf D
2/3 L . (10)
The effective opacity κeff of the clumpy
medium is obtained in analogy to the usual
opacity from atomic absorbers:
κeff = nσC . (11)
Here σC is the effective cross section of a
clump. “Effective” means that the geometri-
cal cross section, l2, is multiplied by the frac-
tion of photons that is absorbed when cross-




1− e−τC) . (12)




1− e−τC) . (13)
Noticing that (Dl)−1 = κf/τC, the scaling
of the effective opacity with the opacity ob-
tained in the microclumping approximation




≡ κf Cmacro . (14)
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Observer
Figure 2: Sketch of a clumped stellar wind. In a smooth wind, rays of a given observer’s frame frequency
encounter line opacity only close to the “constant radial velocity surface” (thick shaded line). In a clumpy
wind, assuming that the clumps move with the same velocity law as for the homogeneous wind, only those
clumps interact with the ray that lie close to the corresponding constant radial velocity surface (dark-shaded
circles). All other clumps are transparent (open circles) if the continuum opacity is small, so the wind is
porous with respect to line transfer, even when the total volume is crowded with clumps. Adopted from
Oskinova et al. (2007)
The factor Cmacro thus describes how macro-
clumping changes the opacity, compared to
the microclumping limit. Note that for opti-
cally thin clumps (τC ≪ 1) the microclump-
ing approximation (κeff ≈ κf) is recovered.
For optically thick clumps (τC>∼1), however,
the effective opacity is reduced by a factor
Cmacro. Since a detailed radiative transfer cal-
culations inside each clump is yet impossible,
the same reduction factor is applied to the
corresponding emissivities, i.e. the non-LTE
source is unchanged.
Synthetic spectra were computed using
this macroclumping formalism and compared
to the observed spectra of an O-type super-
giant (Oskinova et al., 2007). It was shown
that while the Hα line is not affected by
macroclumping, the Pv resonance doublet
becomes significantly weaker and the mass-
loss rate measured from it becomes higher
when macroclumping is accounted for. Thus,
it was demonstrated that including macro-
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clumping in the spectral analysis resolves
the problem of discordant mass-loss rates ob-
tained using ρ- and ρ2-diagnostics.
Importantly, Petrov et al. (2014) pointed
out that for cooler B supergiants macro-
clumping should play a significant role in the
formation of the Hα line, altering Hα-based
mass-loss rates.
To summarize, compared to microclump-
ing which is mainly described by the param-
eter D and its radial dependence, the macro-
clumping formalism requests at least one ad-
ditional parameter – L. A sensible choice
for this parameter could be made from care-
ful consideration of the observed spectrum.
Shenar et al. (2015) conducted a multiwave-
length (X-ray to optical), non-LTE spectro-
scopic analysis of the bright eclipsing spectro-
scopic binary, δOriA (O9.5II). Motivated by
hydrodynamic studies (Feldmeier et al., 1997;
Runacres and Owocki, 2002), they assumed
that the clumping initiates at r = 1.1R∗ and
grows to its maximum contrast of D = 10 at
r ∼ 10R∗. A radius dependent macroclump-
ing parameter L was used, with L = 0.5R∗ in
the low wind regions. The analysis confirmed
the strong effect of macroclumping on the res-
onance lines. The Hα line, as well as the pho-
tospheric features, are hardly affected. The
mass-loss rate derived from this multiwave-
length spectral analysis was found to be in a
good agreement with those theoretically pre-
dicted (Vink et al., 2001).
For comparison, a multi-wavelength (X-
ray to optical) analysis, based on the non-
LTE models, of the B0 Ia-supergiant ǫOri
did not include macroclumping. In order to
describe the resonance line of Si iv, a micro-
clumping parameter f∞ < 0.01 had to be
adopted (Puebla et al., 2016). The corre-
sponding mass-loss rate is at least one order
of magnitude lower than prescribed by the
Vink et al. (2001) recipe. (As an alternative
Puebla et al. (2016) discuss possible problems
with their model wind ionization structure.)
7. Radiative transfer using realistic 3-
D Monte-Carlo wind models
The statistical treatment of macroclump-
ing briefly outlined in section 6.3 provides a
first approximation for radiative transfer in
clumped winds. While this approximation
could be easy included in large codes, full 3-
D models of clumped winds are required for
in-depth studies. For the special case of line
scattering, i.e. for resonance lines, such model
was developed by Sˇurlan et al. (2012) and ap-
plied for the analysis of observed spectra by
Sˇurlan et al. (2013).
To study the basic effects of clumping on
the resonance line formation (both singlets
and doublets) in the 3-D Monte-Carlo code,
a core-halo model was adopted. Only the line
opacity is taken into account. Pure scattering
and Doppler broadening are considered, and
complete redistribution is assumed.
To solve the radiative transfer throughout
the clumped wind, first a snapshot of the
clump distribution is generated. Then, us-
ing the Monte Carlo approach the photons
are followed along their paths. The density
and velocity of the wind can be arbitrarily
defined in a 3-D space. The calculations are
carried out in the comoving frame following
the prescriptions by Hamann (1980).
15
The velocity field has three arbitrary
Cartesian components. For simplicity, the ve-
locity field is assumed radial and for the un-
derlying smooth wind the standard β-velocity
law is adopted. Non-monotonic velocities are
also incorporated (Sˇurlan et al., 2012). The








where li is the radius of the i-th clump, r
c
i
is the absolute position of the center of the
i-th clump, vβ(r
c
i ) is the velocity determined
according to β-velocity law at the position
rci , and the velocity dispersion is vdis(r) =
mvβ(r), where m (0 < m ≤ 1) is the ve-
locity deviation parameter (free parameter of
the model). Thus, Eq. (15) introduces a neg-
ative velocity gradient inside clumps, while
the center of the clump moves according to a
β-velocity law.
For the opacity, the parametrization of
Hamann (1980) is used. Allowing for an arbi-
trary optical depth, clumps can be optically
thick in the cores of resonance lines, while
they remain optically thin at all other fre-
quencies. For simplicity a spherical shape of
the clumps is assumed, with a radius that
varies with the distance r from the star, l =
l(r). The density inside clumps is assumed to
be higher by the clumping factor D than the
smooth wind density at same r.
While for the statistical treatment we as-
sumed that the interclump medium is void
(Section 6), observations seems to indicate
otherwise. The presence of a tenuous in-
terclump medium is supported by the X-
ray emission from O-type stars and by their
strong lines of overionized ions, e.g. Ovi
λλ1032, 1038 A˚ (Cassinelli and Olson, 1979;
Zsargo´ et al., 2008). The interclump medium
is specified in the 3-D Monte Carlo mod-
els by the interclump density parameter d
(0 ≤ d < 1), which is assumed to be depth
independent. The interclump medium is rar-
efied by the factor d compared to the smooth
wind density. For the case of dense clumps
and non-void interclump medium, the mass
of the wind is distributed between clumps and
interclump medium, and the clump filling fac-
tor becomes fV = (1−d)/(D−1), which may
be depth dependent.
The detailed study by Sˇurlan et al. (2012)
showed that the different values for the pa-
rameters describing the clumping and the ve-
locity field result in different strengths and
shapes of the resonance lines (Fig. 3). The
line profiles are sensitive to the spatial distri-
bution of wind clumping. The density con-
trast, the clumping onset radius, and its ra-
dial distribution – all these play a role for the
line formation.
Overall, the 3-D models confirm that
macroclumping reduces the effective opac-
ity in the resonance lines, and conclusively
prove that in a realistic 3-D wind with density
and velocity variations the P Cygni profiles
from resonance lines are different compared
to smooth and stationary 3-D winds. The pa-
rameter study showed that the key model pa-
rameter affecting the effective opacity is the
clump separation, L.
Besides these general results, the 3-D mod-
els of radiative transfer in inhomogeneous
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Figure 3: Effect of the macroclumping on a strong
resonance doublet. The model accounts for a non-
void interclump medium and for a velocity disper-
sion within the clumps. Four model lines are shown,
computed with the same mass-loss rate. The black
dashed line shows a smooth wind model, the green
dashed lines illustrates the effect of macroclumping.
The solid red line shows the same model as the green
line, but now including velocity dispersion within
clumps. The orange dash-dotted line shows the full
model that includes also the effect of not-void inter-
clump medium. Adopted from Fig. 10 in Sˇurlan et al.
(2012)
sights that allow for a detail comparison with
observations. E.g., the presence of an ab-
sorption dip near v∞ in a line profile was ex-
plained by the weakening of the macroclump-
ing effects in outer regions of the stellar wind.
A new diagnostic method for the onset of
wind clumping was suggested, using the ab-
sorption dip at the line center. The study also
confirmed the importance of the interclump
medium, by demonstrating that a non-void
interclump medium is required to reproduce
the saturated spectral lines simultaneously
with non-saturated ones. Finally, the study
has highlighted that in any realistic wind,

















Figure 4: Comparison of observed and model spec-
tra around Pv resonance doublet in the O4I star
HD 66811 (ζ Pup). The thin solid-blue line is the ob-
served spectrum. Dotted black is the PoWR model
spectrum adopting M˙ = 2.5 × 10−6M⊙ yr−1 and a
depth dependent microclumping filling factor, which
starts to deviate from the homogeneous wind (D =
1) at about the sonic point (5 km s−1) and reaches
D = 10 at v(r) = 40 km s−1. The dashed-green lines
are from the same model, but only accounting for the
photospheric spectrum while the wind contribution is
suppressed. Not accounting for macroclumping, the
PoWR model predicts a much stronger Pv doublet
than observed.
non-monotonic velocity is always connected
with density inhomogeneity. Therefore, their
combined effects must be accounted for.
To compare the 3-D model with observa-
tions and measure mass-loss rates and other
wind parameters, Sˇurlan et al. (2013) ana-
lyzed the optical and UV spectra of five O
supergiant stars. This was done using a com-
bination of the PoWR non-LTE stellar atmo-
spheres and the Monte Carlo routine for the
transfer of radiation in resonance lines.
As the first step, the PoWR models were
fit to the observed optical spectra. From fit-
ting the Hα line, mass-loss rate and the mi-
croclumping parameters were obtained and
then fixed. The abundances, ionization strat-
ification, and underlying photospheric spec-
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tra were also adopted from the PoWR mod-
els. Confirming previous studies, the UV res-
onance lines (especially Pv) were found to
be too weak for the Hα based mass-loss rate
(Fig. 4). Therefore, for these lines the 3-D
Monte Carlo code was applied. The fixed, Hα
based mass-loss rate was not changed during
fitting, but the clumping parameters (density
and velocity fields) could be adjusted (Fig. 5).
It turned out that the Hα and the Pv
lines can be fitted with the same mass-loss
rate. Thus macroclumping resolves the dis-
cordance in mass-loss diagnostics as being
due to the deficiencies in the treatment of
clumping in standard modeling. The study
also showed that the mass-loss rates obtained
using macroclumping are only 1.5 to 2.5 times
lower than predicted by the standard mass-
loss recipe (Vink et al., 2001). The number
of clumps required to obtain good fits, ∼ 104
clumps up to 100R∗ compares well with the
numbers observationally deduced from opti-
cal line variability studies and from X-ray ob-
servations of HMXBs (Eversberg et al., 1998;
Fu¨rst et al., 2010).
8. What are the true empirical mass-
loss rates of massive stars?
The problem of realistic stellar mass-loss
rates remains in the focus of massive star as-
trophysics. The concept of macroclumping,
implemented so far as a statistical approach
and as 3-D Monte-Carlo modeling for res-
onance lines, improved the empirical mass-
loss diagnostics. Importantly, applications
of these models revealed that the empirical
mass-loss rates for O-stars that have been de-


















Figure 5: The same as in Fig. 4, but now the dot-
ted black line is computed with the 3-D Monte Carlo
wind model, using only the PoWR photospheric spec-
trum as input. The adopted mass-loss rate is again
M˙ = 2.5× 10−6M⊙ yr−1. The line strength is signif-
icantly reduced compared to Fig. 4 despite the same
adopted M˙ . See model details in Sˇurlan et al. (2013).
termined in the last years on the basis of the
microclumping approach must not be dras-
tically revised. The mass-loss rates of mas-
sive stars broadly agree with theoretical pre-
dictions (such as Vink et al., 2001). As
a fortunate consequence, the mass-loss pre-
scriptions used in the established evolution-
ary models for massive stars (e.g. Brott et al.,
2011; Georgy et al., 2012) remain valid, at
least roughly.
Since strong wind clumping modifies the
effective opacity, it might also affect the ra-
diative driving mechanism (e.g. Muijres et al.,
2012; Sundqvist et al., 2014). The usual mod-
els that predict O-star mass loss rates (Vink
et al., 2001) do not account for this. Due to
the complexity of the problem and the likely
connections between wind clumping and sub-
photospheric structures (Jiang et al., 2015),
no self-consistent models of radiatively driven
inhomogeneous stellar winds exist yet. The
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value of the mass-loss rate is determined by
the physical conditions at the critical point
at the base of the wind. Since the empirical
mass-loss rates accounting for macroclump-
ing, as reported above, are consistent within
a factor of 1–3 with those predicted by the
models from Vink et al. (2001), one may spec-
ulate that clumping is not yet strongly devel-
oped in these low-velocity layers.
Vink and Gra¨fener (2012) has shown that
the mass-loss rates provided by current theo-
retical models for the Of/WNh-type stars are
of the right order of magnitude. In evolved
Wolf-Rayet stars the mass-loss rates are large
and mainly diagnosed from their emission-
line spectra (e.g. Hamann et al., 2006; Sander
et al., 2012; Hainich et al., 2014). Similar
to the O-stars, macroclumping may be re-
quired to achieve full accordance of mass-loss
rate estimates using the UV resonance lines
(Kuba´tova´ et al., 2015).
In this paper we did not cover the B and
O-type stars of lower luminosities. The mass-
loss rates estimated for these stars, based on
IR, optical, and UV diagnostics, are much
lower than expected (e.g. Martins et al., 2005;
Marcolino et al., 2009; Najarro et al., 2011),
posing the so-called “weak wind problem”.
Macroclumping alone cannot fully resolve
this problem. A possible explanation is that a
significant fraction of the wind in these stars
is in a shock-heated phase and, therefore, can
be detected only in X-rays (e.g. Cassinelli
et al., 1994; Drew et al., 1994; Huenemoerder
et al., 2012; Lucy, 2012).
Despite the success of the macroclumping
model, one has to be aware of its limitations,
such as a number of additional free param-
eters, and the approximate treatment of the
physical conditions within the clumps. Nev-
ertheless, macroclumping is a step forward
in our quest for realistic descriptions of stel-
lar wind, which would not have been possible
without the deep insights of V.V. Sobolev and
his school on the physics of moving stellar en-
velopes.
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